Producers often contemplate expanding or contracting production to take advantage of cyclical cattle price trends. This study quantifies profitability and risk implications of (1) constant herd size, (2) dollar cost averaging, and (3) price signal-based, anticipatory countercyclical expansion/contraction strategies. Weather simulation on forages with different calving season and land use intensity showed fall calving herds with added hay sales from greater fertilizer use and the countercyclical herd size management strategy to be most profitable regardless of weather or time period analyzed. Income risk was comparable to least fertilizer use. Overall, holding herd size constant led to little regret.
Introduction
Cattle production is an important industry to agriculture in many U.S. states as cattle and calf sales amounted to 21% of aggregate U.S. agricultural commodity sales of $78.2 billion in 2015 (U.S. Department of Agriculture, National Agricultural Statistics Services [USDA-NASS], 2016) . Changes in the U.S. herd size, attributed to weather (specifically drought), macroeconomic factors, and varying cattle and feed prices, can have large economic repercussions for the livestock sector. For example, with the expanded use of corn for ethanol production over the course of the last 20 years, U.S. corn prices eventually increased enough to make it the most valuable commodity in terms of total production value rather than cattle and calves in 2005 (Park and Fortenberry, 2007) . The national drought in 2011-2012 led to large-scale herd liquidation resulting in subsequent, record cattle prices for 2012-2015. These record cattle prices, in turn, caused the eventual rebuilding of the U.S. herd to end the 2004-2014 cattle cycle.
The average cattle cycle, defined as the time span between sequential inventory lows, typically lasts from 8 to 12 years (Mathews et al., 1999) as a function of (1) beef export/import conditions with fluctuating exchange rates, disease outbreaks, and/or trade restrictions; (2) cattle and feed prices; (3) weather events; (4) producer credit constraints (Bierlen et al. 1998) ; and (5) a biological production lag where an added heifer retained at 7 months of age and bred at 15 months of age leads to an extra calf born and finished as early as 36 months after the retained heifer was born. Hence, national herd expansion is slow compared with possible contraction via the slaughter of mature cows. Furthermore, Hamilton and Kastens (2000) show that, in addition to the abovementioned exogenous factors, market timing attempts by producers are a significant determinant of cattle price cycles. Also, cow-calf production occurs mainly on pastures and encompasses a majority of the time needed from birth to slaughter. Pasturing cattle is characterized by production uncertainty because of drought, flooding, fires, and snow events that affect forage availability and thereby cost of production to a larger extent than confined animal feeding conditions for competing meat products of pork and poultry (Mathews et al., 1999) . Rosen (1987) proposes that producers capitalize on these factors by selling (retaining) calves when the exogenous shock results in an increase (decrease) in the market price. This type of behavior, however, perpetuates the price cycle.
Careful planning and flexibility to respond to these price cycles by way of herd size expansion/reduction and/or on-farm forage production and acquisition of supplemental feed is required to maintain adequate cash flow, to manage income tax repercussions, and to manage price and production risks (Hughes, 2000) . Further, the larger a producer's herd, the larger the potential financial implications. The average U.S. cow-calf operation has approximately 40 head (USDA-NASS, 2019) , and operations of this size or smaller are often nonintensive labor enterprises on small parcels of grassland providing a source of supplemental income. Operations of less than 100 head encompass 91% of operations but represent less than half of the total cattle inventory (USDA-NASS, 2019) . On the other hand, operations with more than 100 head account for 51% of U.S. cattle inventories, while only 9% of total operations (USDA-NASS, 2019) . It is this latter size category where herd size management (HSM) begins to play a more noticeable role on profitability in dollar terms rather than rates of return to resources employed when compared with smaller operations.
Generally, producers expand herd size when prices and producers' returns are high resulting in an increased beef supply several years later (Bentley and Shumway, 1981) . However, with expansion of beef supply comes the inevitable decline in prices, and hence, the decision to expand the herd in years past was potentially counterproductive. Expanding the herd when prices are high and liquidating when prices turn low is contrary to the old adage of "buy low, sell high," and thus it may be beneficial for producers to countercyclically expand production when prices are low and decrease herd size when prices are high (Griffith, Burdine, and Anderson, 2017) . Along the same line, Hamilton and Kastens (2000) show that a countercyclical strategy outperforms constant herd size (CHS) and cyclical strategies over a 25-year period. Thus, an HSM strategy that anticipates future price trends is encouraged (Bentley and Shumway, 1981; Lawrence, 2002; Trapp, 1986) as HSM strategies that react to price signals can lead to greater returns when compared with strategies that hold the herd size constant. In that regard, Lawrence (2002) , compared a CHS strategy to (1) a strategy where sales receipts from heifer sales are constant and thereby more/fewer heifers are sold during low/high price years, respectively, and (2) a dollar cost averaging (DCA) strategy where replacement heifer reinvestment is held constant by again changing the number of heifers retained with changing cattle prices (selling more/fewer when prices are high/low). Lawrence (2002) encouraged the DCA strategy. However, weather effects were excluded and extra land resources were rented when needed and assumed to be available. A study by Lutes and Popp (2015) showed the impacts of weather to increase 10-year income risk under both constant and changing herd size scenarios when land resources are held constant. Herd size changes followed state cattle inventory changes reflecting average producer choices. They used a cow/calf simulation tool, the Forage and Cattle Planner (FORCAP) and analyzed the effect of alternative grazing methods and associated stocking rates (Popp et al., 2014) .
Using FORCAP, the objective of this research was to examine cow/calf cash operating profitability with a fixed land resource and three HSM strategies both with and without weather effects over the course of the last two cattle cycles. Because cow-calf operations can modify calving season and amount of fertilizer use, we compare CHS and DCA HSM strategies along with a strategy based on moving average (MA) prices. The MA strategy involves the use of a price ratio of a shortto a longer-run MA to signal an up-or downtrend in cattle prices. The MA strategy thus allows an anticipatory countercyclical herd expansion/contraction reaction to profit from price changes.
Results quantify to what extent profit-maximizing, long-term calving season, fertilizer use, and HSM strategy choices are affected by (1) simulated weather effects on forage production generated using satellite imagery and (2) time period or cattle cycle analyzed.
Materials and methods

Forage and Cattle Planner
FORCAP (available at http://agribusiness.uark.edu/decision-support-software.php#forcap) is a decision tool that allows comparison of a plethora of different cattle production practices. The user specifies either default or operation-specific production parameters in an automated spreadsheet application that summarizes profitability and production efficiency changes. 1 Smith et al. (2016) used the tool in an optimization framework, but this was not possible for this work as the multiyear framework to analyze cattle cycles required hundreds of annual FORCAP model runs. Farm size, as measured by stocking rate and land use (dedicated to pasture or hay production), is a key parameter as are calving season, use of fertilizer inputs, and forage production as affected by weather. Cash operating profits (π) are estimated annually and result from sale of cattle and excess hay after accounting for feed and supplements, seed, fuel, fertilizer, twine, chemicals, medication, vaccines, veterinary services, operating interest, repairs, and maintenance as shown for a sample year in Table 1 . Different calving seasons lead to changes in exposure to fescue toxicity and thereby a lower breeding failure rate with fall calving than spring calving (Caldwell et al., 2013) . Hence, fewer head of calves were sold with spring calving at seasonally lower annual calf and cull cattle prices as reflected in the lower gross receipts and lower direct costs associated with lesser sales when compared with fall calving. Forage production uncertainty, as highlighted in Figure 1 and evident in feeding statistics in Tables 2 and 3, led to monthly changes in forage production that in turn affected hay production and supplemental feed needs given herd nutrition requirements that are affected by cow gestation and lactation needs estimated from month to month. Noticeable for 2004 was the need for purchased hay given less than expected forage production throughout the year except July (Figure 1) . This translated to a need for purchased hay as most major forage production months were affected negatively and more so under spring than fall calving conditions in that year. By the same token, supplemental feeding of corn during the winter months was higher with fall than spring calving as nutritional needs of the cows peak in the winter months when lactating to support calves that were born in fall.
Capital ownership charges including depreciation, insurance, property taxes, and opportunity cost of capital were excluded as land, equipment, and building resources used did not change across production practices discussed next. The exception was a set of model runs involving a higher stocking rate that did require added capital investment in breeding stock. Ramifications of these added capital recovery charges and property taxes are discussed subsequently.
Land use intensity
For each of the three HSM strategies (CHS, DCA, and MA), three levels of fertilizer application rates were analyzed to showcase the impact of varying cattle and hay output on profitability while holding pasture and hay land constant over time (Table 4 ). Further, these nine herd size strategy × land use intensity (LUI) combinations were analyzed (1) by calving season (fall vs. spring), (2) with and without weather effects on forage and attendant hay production, and (3) over two cattle cycles. 1 Production parameters that can be changed in FORCAP include the following: grazing method (continuous vs. rotational), use of stockpiling and/or winter annuals, selection of forage species on pasture and hay land, level of fertilizer use, choice of herd genetics, animal weights at different growth stages, type and quantity of supplemental feed use, heifer breeding age, breeding failure rates and death losses, calving season, weaning age, year of input and output price, vaccination program, veterinary, and transport charges. Although the program tracks ownership charges for equipment, buildings, fence, and watering facilities, these costs are excluded in this analysis as they do not vary significantly when a change in land resources was not considered. Note that changes in breeding stock between 100 and 160 cows were modeled, but effects of minor cow herd changes across time that exist with MA and DCA strategies in comparison with the CHS strategy were excluded. The value of breeding stock was constant over time at long-term average prices as effects of timing of industry entry and exit were also not examined.
As summarized in Table 4 , LUI was increased from left to right by increasing fertilizer application. Least fertilizer use yielded a small hay surplus that was indicative of an operation that relied mainly on cattle revenue for income in the left column. Adding fertilizer on pasture allowed greater opportunity to harvest excess hay from pasture and diversified revenue streams given added hay sales in the middle column. Adding even more fertilizer increased forage production sufficiently to allow a higher cattle stocking rate with hay sales similar to the least fertilizer outcome (right column). Forage productivity with different fertilizer application rates was uncertain, however, as weather affects production and thereby the need for and cost of hay and corn feeding. Although the impact of weather uncertainty on supplemental feed and hay sales was highlighted in Tables 1-3 for least fertilizer use, greater fertilizer use amplified weather effects on forage production as discussed next.
Production index
Monthly forage production was tracked historically using imagery and associated NDVI (Normalized Difference Vegetation Index) data collected by LANDSAT. LANDSAT typically reports two NDVI values per month for a specific location (30-m spatial resolution). Chosen for this analysis were six pasture/hay land areas in Washington County in northwest Arkansas as the researchers were familiar with the history of those fields from casual observation over time. The fields were also identified using historical cropland data layer data available through USDA-NASS (2017) as far back as 2008, to have at least partial assurance that the fields were in pasture or hay land production throughout the analyzed period, 1990-2014. Therefore, 12 NDVI values per month (two each for six locations), except for some missing observations with data collection problems like cloud cover, for example, were available to create a time-varying vegetation index that would lend itself to capture weather impacts on forage Figure 1 . Forage production index values by month and year for select years using 25-year and period-specific (P) averages in the denominator for the production index. Notes: Percentage values represent standardized production index values as specified in equations (1) and (2) for select years shown. A production index value of 100% represents an expected production year. Using periodspecific production indexes (top two panels), as opposed to the long-run production index (bottom panel), affected forage production adjustments mainly for winter months. Noticeably, and not isolated to the select years shown, forage production was slightly higher using the period-specific index compared with the long-run index in the first cycle, and the obverse was true for the second cycle. Forage requirements were calculated on the basis of dry matter intake needs of the different animal types and their weights given monthly available forage and hay resources. In months where total digestible nutrient intake was insufficient to maintain cow body condition, supplemental corn was fed to cows, replacement heifers, and bulls as needed. Crude protein intake was also measured but usually not limiting. b Cows were culled as a function of age or if open. All animals culled were sold in May when calves born in the previous October were weaned. c Replacement heifers are calves fed to replace cull animals and become part of the nutrient needs of the cow herd once 13 months of age. d Heifer and steer calves begin grazing at 4 months of age thereby reducing cow nutrition needs. e Weather affected forage production and thereby grazing as well as haying activities. The columns titled "Excl." showed expectations for an average weather year, whereas the columns titled "Incl." demonstrated the impact of adjusting monthly forage production by the production index as shown in Figure 1 . Forage quality changes because of weather were not included.
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In an average weather year, 137 bales, 1,200-lb. in weight as is, were harvested from the 320 ac. of pasture and 321 bales from 80 ac. of hay land. Of the total 458 bales, 409 bales were fed to the herd. In 2004, only 39 and 274 bales were produced on pasture and hay land, respectively, and 517 bales were fed to the herd when weather effects were included. Forage requirements were calculated on the basis of dry matter intake needs of the different animal types and their weights given monthly available forage and hay resources. In months where total digestible nutrient intake was insufficient to maintain cow body condition, supplemental corn was fed to cows, replacement heifers, and bulls as needed. Crude protein intake was also measured but usually not limiting. b Cows were culled as a function of age or if open. All animals culled were sold in November when calves born in April were weaned. c Replacement heifers are calves fed to replace cull animals and become part of the nutrient needs of the cow herd once 13 months of age. d Heifer and steer calves begin grazing at 4 months of age thereby reducing cow nutrition needs. e Weather affects forage production and thereby grazing as well as haying activities. The columns titled "Excl." showed expectations for an average weather year, whereas the columns titled "Incl." demonstrated the impact of adjusting monthly forage production by the production index as shown in Figure 1 . Forage quality changes because of weather were not included. production. 2 To capture changes in forage production, the ratio of an individual month's average NDVI value for all six fields for a given year to its 25-year average (1990-2014) for a particular month indicated deviations from long-term conditions observed for each month. Note that these fields likely had different forage species mixes over time, but those trends are not discernable from either the cropland data layer or satellite imagery. Hence, average NDVI values of six fields were used to remove variability in forage species crop mix that might occur on a single field. These ratios were further divided by the average of the examined period ratio values to create a production index that would average to 100% over the period as follows:
8i Jan: Dec: and 8j 1990 2014;
(1) ( 2) where RPI is the raw production index, NDVI is the six-field average for a particular month i in year j, and PI is the standardized production index that varies by production period, Y k . A PI value above/below 1 indicates a relatively productive/poor forage production month, respectively. Multiplying PI by average monthly forage production as a percent of total annual yield, weather-induced impacts on forage production could be estimated. Note that increased fertilizer application leads to increased monthly forage production that in turn is affected by the production Hay sales were the number of surplus 1,200-lb. round bales sold. Hay sales or purchases were a function of seasonal forage production and herd nutrition needs. Weather effects were excluded here, but forage production detail is shown in Figure 1 as well as Tables 1-3, 5, and 6.
2 Fewer than 2% of observations were missing likely because of snow cover as they occurred in December, January, February, and April. Missing observations were assigned a value of 1, meaning monthly average forage growth was assumed for missing observations. index for simulation of weather effects. The monthly default distribution of forage production used in FORCAP (Tables 2 and 3) is based on expert opinion of John Jennings (range management specialist, University of Arkansas Cooperative Extension Service, personal communication, 2013) and Charles West (Thornton Distinguished Chair, Forage Systems Research, Texas Tech University, personal communication, 2013) and is similar to values found in Gadberry (2015) and Huneycutt, West, and Phillips (1988) . Adding weather effects by using the production index, a modification to FORCAP, affected grazing capacity and the attendant need to supplement herd nutrition requirements with hay and corn as shown in Tables 2 and 3 for 2004 as an example. In turn, hay sales or purchases were a result of on-farm hay production on both hay land and pastures and the amount of hay fed to the herd. Weather effects on ability to harvest hay (e.g., excessively wet conditions could preempt harvest) were not addressed.
Monthly variability in the forage PI values by select years from 1990 to 2014 demonstrates how forage production was affected on a monthly basis ( Figure 1 ). As mentioned earlier, 2012 was a drought year that affected summer forage availability nationwide and also on the fields analyzed here. However, early spring and late fall conditions for forage production were above average in 2012. Forage production in 2004, by contrast, only had one above average forage PI value in July. Figure 1 thus demonstrates the amount of risk cow-calf producers face in terms of forage and hay availability with direct implications for cow-calf profitability as FORCAP automatically supplements with hay and corn when nutrition requirements are not met by forages growing on pasture and hay land.
Baseline model parameters
For each level of fertilizer use, a baseline set of parameters was used to resemble a fall or spring calving, Arkansas cow-calf operation. This baseline used 80 acres of hay land and 320 acres of pasture that was rotationally grazed to allow the producer to harvest excess forage from pasture when available. Additionally, 80 acres of winter wheat was sod seeded yearly on pasture in the fall for graze out in spring months to model forage production of winter annuals in FORCAP. Fertilizer application was varied and described in Table 4 . As is common in northwest Arkansas, pasture forage species consisted of 25% Bermuda grass, 65% fescue, and 10% clover by area. Hay forage species consisted of 50% Bermuda grass, 45% fescue, and 5% clover by area. Forage production for a species was thus calculated as acres in production multiplied by annual grazing potential of a pure stand of the species. This calculation was then adjusted by month for seasonal forage availability and was further adjusted by weather effects if desired. FORCAP defaults were used for mature/young cow weights, birth weight, weaning weight, and age. When necessary, FORCAP calculates supplemental feed needs in the form of corn and hay to ensure adequate crude protein and total digestible nutrient intake for maintaining cow body condition. The fall calving season (October) was selected to enhance breeding success compared with spring calving (April) when fescue toxicosis leads to a greater likelihood of breeding failure (Caldwell et al., 2013) . One herd sire was utilized for every 30 cows. Therefore, for the two observed cattle cycles, 100-cow herd operations with least or intermediate fertilizer use required four herd sires, while highest fertilizer use with 160 cows required six herd sires. Over the cattle cycle, five revenue streams were available annually and included the sale of (1) weaned steer calves, (2) weaned heifer calves, (3) cull cows, (4) cull herd sires, and (5) excess hay produced on farm.
Cattle sale prices were monthly Arkansas average prices for medium and large frame No. 1 steer and heifer calves, breaking utility and commercial (75%-80% lean) cows, and yield grade 1-2 (1,100-2,100 lb.) bulls as provided by USDA's Agricultural Marketing Service. Monthly observations added the possibility to adjust cattle revenue by seasonal timing of sales dictated by calving season chosen. Price data not related to cattle, in part driven by supply uncertainties and time of transaction in a particular year, were annual, Arkansas prices given data availability for hay, corn, fertilizer, fertilizer application costs, seed cost for winter annuals, and diesel fuel for 1990-2014 ( Figure 2) . For fertilizer and fuel prices, data were gathered from USDA-NASS (2014) for 1990-2008 and from Mississippi State University (2014) for 2009-2014. Hay and feed prices were collected from USDA-NASS (2014) . When data were not readily available for these inputs, similar inputs with available price data were used to estimate a value for that year (Tester, 2017) .
Herd sire and calving management
All 100-cow scenarios began with a herd consisting of 83 mature cows and 17 young cows that were exposed to the herd sires each year. Eighteen replacement heifers were needed for herd replenishment given 1 cow death loss. All 160-cow scenarios began with a herd consisting of 133 mature cows and 27 young cows. Twenty-nine replacement heifers were held back to replace cull animals and 2 cow death losses. All cows and heifers were assumed to be bred in January and July of each year for the fall and spring calving herds, respectively. Heifers were bred at 15 months of age to calve for the first time at 24 months of age. Culling and heifer retention decisions were made in May and November of each year for fall and spring calving herds, respectively, and occurred at the same time calves were weaned and sold. One-sixth of the breeding herd was culled yearly based on the expectation of weaning six calves from a cow over its useful life. Cows that were open as a result of breeding failure were also culled. The FORCAP default rate of 6% and 20% breeding failures was used for fall and spring calving herds, respectively. Regardless of calving season, cow and calf death losses were set to 1% and 3%, respectively (Ritchie and Anderson, 1994; Smith et al., 2012) . The number of replacement heifers needed to maintain the herd size was thus a result of cull cows sold, either because of age or for being open, and cow death losses. FORCAP v.2 2014 was modified to allow retention numbers to be manipulated by the user to grow or shrink the herd from year to year. A separate model run was performed each year, by HSM strategy, fertilizer application rate, calving season, and inclusion or exclusion of weather effects. A total of 1,800 annual herd performance measures were collected, which included cash operating profit, hay sold, and head sold as estimated in FORCAP.
Herd size changes across herd size management strategies
The CHS strategy simulates a producer who does not change herd size despite changing weather and cattle prices as hay and corn were considered available for purchase as needed. This strategy was considered the least management intensive.
For the countercyclical MA strategy, the simulation assumes the same starting herd size as the CHS strategy. However, herd size subsequently grows or declines given heifer retention decisions that are based on the price ratio of 10-to 27-month MA steer prices at the time of breeding each year (January and July, for fall and spring calving herds, respectively). A price ratio above 1 signals the sale of added heifer calves to reduce herd size in anticipation of eventual downward pressure on prices when otherwise retained heifers would lead to added weaned calf sales. A price ratio below 1 signals herd expansion in anticipation of an eventual upward trend in prices. For both signals, 2 or 3 additional heifers, pending 100-or 160-cow herd size, respectively, are sold or added in comparison with maintaining the herd at the size of the prior year. Prices for steers were used for signals, as they make up the majority of cattle sales (Table 1 ). The 27-month period was chosen as a second rebreeding of retained heifers would occur at that time and the shorter-term, 10-month period captures the time period from the start of breeding to calving with an average 1-month period for breeding. Using a larger increment or decrement for extra heifers to retain was not undertaken in this study as herd sire needs would change over time.
The DCA strategy uses constant yearly dollar reinvestment in the herd. Low/high heifer prices led to herd expansion/contraction, respectively, using nominal prices. Yearly herd reinvestment was determined by finding the value of an 800-lb. heifer in the herd size adjustment or calf sale month (equation 3) and multiplying by the number of replacement heifers needed based on herd size (equation 4). These annual reinvestment values were then averaged across cycles (1990-2003 and 2004-2014) to find the target constant yearly average dollar reinvestment (equation 5) needed to determine the annual number of replacement heifers to retain given that year's replacement heifer value (equation 6) as follows: 
where j again represents a year in the cattle cycle; PRH js was the yearly value of an 800-lb. replacement heifer in $/head by calving season and s; PH js was the annual price of a 700-to 800-lb. heifer in $/cwt.; R jsl represents the value of replacement heifers given l head of replacement heifer needs associated with 100-or 160-cow herd sizes; R slk is the average yearly reinvestment that depends on calving season and herd size over the analyzed period, k; and QRH jslk is the annual number of heifers retained by year, calving season, LUI, and period analyzed. For the 25-year analysis, the same herd sizes as in each cycle were used except for 2003 when heifer retention returned the herd to 100 or 160 cows for the start of the second cycle.
Analysis
Cash operating profit risk over time was analyzed using box and whisker plots for each HSM strategy for each LUI, with and without simulated weather effects, by calving season, and for each cattle cycle or time period. Rather than developing a model that selects the optimal producer choice in terms of cash operating profit, given an array of risk aversion levels, the reader is thus expected to visually assess the inherent risk differences across the management options presented. Aside from annual cash operating profits, the number of bales of hay and cattle sold provided insight about the primary sources of revenue for a HSM strategy × LUI combination. Hay and head sold describe performance implications of management choices in terms of physical production units rather than in dollar terms.
Finally, profits were examined using the minimum regret rule. Regret was calculated using net present value (NPV) of annual cash operating profits across the entire cattle cycle(s) to account for inflation and risk. Regret was defined as the loss a producer would have incurred over the course of a cattle cycle(s) as a result of choosing a suboptimal HSM strategy for a particular LUI. Regret was calculated for each cattle cycle(s), with and without simulated weather effects, and by calving season and was termed HSM regret. Regret numbers thus quantify differences across the HSM options evaluated. These regret numbers easily allowed for assessment of consistency of HSM strategy choice across periods analyzed and/or whether simulated weather effects were included or not. Also calculated were regret values for the choice of LUI pursued within a given HSM strategy. Again, these numbers were calculated by cattle cycle(s) and weather effects combinations and were termed LUI regret. NPV was calculated using a nominal discount rate of 8% (Hardie, 1984) that reflected common, agricultural lending rates over the period analyzed. 3
Results
Described subsequently are herd size changes as a function of the chosen HSM strategy followed by a discussion on attendant profitability and risk implications by calving season in order of cattle cycle(s). Effects of weather on risk and profitability are discussed throughout.
Herd size fluctuations
Breeding herd size changes over time for operations starting with 100 cows are shown in Figure 3 . For the 1990-2003 cycle, the MA strategy had the largest herd in 1998, while the DCA strategy peaked at a higher level in 1997 and led to greatest total cattle output when compared with the other two HSM strategies. During this cycle, the lowest cattle prices were encountered in 1996 ( Figure 2 ) and led to noticeably rapid herd size expansion for the DCA strategy in particular. In comparison with the CHS strategy, both the MA and DCA strategies had larger overall average herd sizes when cattle prices were on the rise (Figures 2 and 3) .
For the second cattle cycle, the DCA and MA strategies led to more pronounced differences in herd size changes over time (Figure 3) . The MA strategy led to 3 years of herd reduction followed by 4 years of expansion before reverting back to 3 more years of reduction to end the cycle. The DCA strategy steadily expanded the herd until 2012 when further retention was too costly given high cattle prices. , 1990-2014 . Notes: Only one weight category of calf prices is exhibited because of calf prices by weight category moving in a similar direction over time. The 700-to 800-lb. heifer prices are shown as a reference for heifer replacement costs. Cattle prices shown are annual averages but are higher for fall calving operations than spring calving operations once adjusted for monthly seasonal differences. Am. Nitrate, ammonium nitrate; DAP, diammonium phosphate.
Because the DCA strategy maintained the largest herd throughout the observed periods, this strategy consistently yielded the lowest hay sold and the highest number of head sold (Tables 5  and 6 ). Although achieving the goal of selling more cattle during the period of high cattle prices, lower hay sales and/or greater hay purchases more than offset added cattle revenue.
Fall calving
For the 1990-2003 cycle, our results indicated that the addition of weather effects on forage production increased risk in terms of range (maximum-minimum) of annual cash operating profit (π) regardless of LUI or HSM strategy (Figure 4) . Additionally, increased LUI decreased profitability regardless of HSM strategy because added capital recovery charges (∼$3,500) and property taxes for added cattle summed to nearly $3,800 per year. Table 5 added these costs in the larger breeding herd strategy outcomes with highest LUI. According to LUI regret, least fertilizer use was the profit-maximizing choice in the first cycle in the absence of weather effects for all HSM strategies. Once weather effects were included, profit-maximizing LUI increased to medium for CHS and MA, whereas for DCA, least fertilizer use was profit maximizing. With least fertilizer use, including weather effects led to hay purchases on average for the DCA strategy. For all HSM strategies, hay sales were lower on average and exhibited much larger variation in part because of different cattle output, but also because of changes in forage production when weather effects were included. Choosing medium LUI as profit maximizing, the MA strategy emerged as the least HSM Table 4 . Added ownership charges for larger breeding herds under high LUI equated to 31, 27, and 40 thousand dollars of net present value (NPV) over first, second, and both cycles, respectively. b Herd size strategies were as follows: CHS = constant herd size, MA = countercyclical herd size strategy using a moving average price ratio, and DCA = constant dollar herd reinvestment as described in equations (3)-(6). c NPV of period-specific, average annual cash operating profits (π) expressed in thousands of dollars or NPV P k j1 j 1d j , where j was the year in the cycle, d was the discount rate, and k was the number of years in the cycle. See Table 1 for cost and revenue items included. d Boldface indicates optimal HSM strategy choices on the basis of highest NPV of π for a particular LUI level × period × weather effects combination. e HSM regret for an HSM choice c for a particular LUI level × period × weather effects combination was the difference between the highest NPV across HSM options (as highlighted in bold) and the NPV for the cth HSM option. Regret was expressed in hundreds of dollars, and zero regret identified the profit-maximizing HSM strategy for a particular LUI level × period × weather effects combination. f The average annual number of 1,200-lb. bales. Negative numbers indicated purchases. Numbers in parentheses represented the standard deviation over the period analyzed. Head sold were number of cull cattle and weaned calves. g LUI regret identified the regret (in hundreds of dollars) for a given HSM strategy across LUIs for a particular period × weather effects combination. Zero LUI regret therefore identified the profit-maximizing LUI level by period and weather effects and was again highlighted in bold. Note: Statistical comparisons across annual average outcomes were not performed as a deterministic model was used with the same exogenous price and weather data across herd size strategy × LUI outcomes. Table 4 . Added ownership charges for larger breeding herds under high LUI equated to 31, 27, and 40 thousand dollars of net present value (NPV) over first, second, and both cycles, respectively. b Herd size strategies were as follows: CHS = constant herd size, MA = countercyclical herd size strategy using a moving average price ratio, and DCA = constant dollar herd reinvestment as described in equations (3)-(6). c NPV of period-specific, average annual cash operating profits (π) expressed in thousands of dollars or NPV P k j1 j 1d j , where j was the year in the cycle, d was the discount rate, and k was the number of years in the cycle. See Table 1 for cost and revenue items included. d Boldface indicated optimal HSM strategy choices on the basis of highest NPV of π for a particular LUI level × period × weather effects combination. e HSM regret for an HSM choice c for a particular LUI level × period × weather effects combination was the difference between the highest NPV across HSM options (as highlighted in bold) and the NPV for the cth HSM option. Regret was expressed in thousands of dollars, and zero regret identified the profit-maximizing HSM strategy for a particular LUI level × period × weather effects combination. f The average annual number of 1,200-lb. bales. Negative numbers indicated purchases. Numbers in parentheses represented the standard deviation over the period analyzed. Head sold were number of cull cattle and weaned calves. g LUI regret identified the regret (in thousands of dollars) for a given HSM strategy across LUIs for a particular period × weather effects combination. Zero LUI regret therefore identified the profit-maximizing LUI level by period and weather effects and was again highlighted in bold. Note: Statistical comparisons across annual average outcomes were not performed as a deterministic model was used with the same exogenous price and weather data across herd size strategy × LUI outcomes. regret choice regardless of weather effects. Choosing least fertilizer use, the MA strategy was profit maximizing without weather effects, and the DCA strategy was profit maximizing when weather was included. Finally, range of π was highest with highest fertilizer use.
During the second cycle, the range in π did not increase with the addition of weather (Figure 4 ) regardless of LUI. Nonetheless, the distance from the 25 th to 75 th percentile observations increased. Given the observation of lesser range in π for the second cycle compared with the first, weather had a lesser effect on income variability. This change in weather effects on income variability was, in part, a function of the period-specific adjustment effects on forage production. As shown in Figure 1 , forage production index values during winter months showed forage production to be lower than the longterm average in the second cycle, whereas forage production was higher than the long-term average in the first cycle. In slight contrast to the previous cycle, π increased with greater LUI regardless of HSM strategy as hay prices were high enough to offset heightened input cost by selling excess hay (Figure 2 ). For the management option with greatest fertilizer use and added cattle sales, added cost of fertilizer and added ownership charges for extra breeding herd investment could not be offset except using CHS in the scenario with weather effects. Hence, medium fertilizer use had least LUI regret, and at that level of fertilizer use, NPV of π was highest for MA regardless of weather. Finally, as shown in Figure 4 , the high LUI choice showed the greatest range in π.
As expected, results for both cycles, spanning production years 1990-2014, exhibited similar trends as observed across each cycle individually. Range of π increased with the addition of weather, as expected, regardless of HSM strategy or LUI (Figure 4) . As LUI increased, NPV of π increased for the 100-cow herds and subsequently fell for the 160-cow herd ( Table 5 ). As such, the medium fertilizer option was profit-maximizing given zero LUI regret across all HSM options. Medium LUI also exhibited approximately the same level of income risk as the low LUI option (Figure 4) . At that level of fertilizer use, the MA strategy showed least HSM regret regardless of weather (Table 5 ). When taking profit-maximizing LUI choice into account for each period of analysis, the addition of weather for the longest run did not affect HSM strategy choice, which was different from the results for the previous two cycles.
Given the objective of examining long-term impact of weather and time period on management choices, 4 it was noticeable that the size of HSM regret values over the 25-year period was quite small. Choosing CHS, the least management-intensive HSM option, with medium fertilizer use and assuming that weather simulation was reasonable, for example, led to a regret of only $2,840 dollars over 25 years and even less when using least fertilizer. There are differences across cycles as discussed previously, and adding weather effects increased income risk as uncertain forage production led to changes in sales above and beyond variation caused by changes in cattle prices and number of head sold. Nonetheless, HSM regret values did not consistently increase or decrease when weather effects were added for comparisons within individual LUI × cattle cycle combinations. Under low LUI in the first cycle, for example, regret increased for the CHS choice when weather was added, whereas it declined for the same cycle with medium fertilizer use. As such, and as might be expected, weather played an uncertain role as to what HSM strategy to pursue. The same can be said for cattle cycle impacts on HSM strategy choice.
Spring calving
Similar to fall calving, adding weather effects on forage production for spring calving operations increased range in π, as did an increase in stocking rate ( Figure 5) . Also, for the period 1990-2003, the CHS strategy was dominant in terms of HSM regret regardless of LUI (Table 6 ) and by more 4 It is cost prohibitive for a producer to change calving season from year to year. As such, calving season choice is a longterm decision. Also, fertilizer use decisions, although annually flexible, are complex as weather conditions can affect fertilizer productivity (e.g., applying fertilizer before a drought is ineffective as is a killing frost in late spring or early fall). Hence, the LUI choice is considered a long-term decision, especially in the scenario where the breeding herd is expanded. compelling regret amounts in comparison with numbers presented for fall calving in Table 5 for the same cycle. Compared with fall calving, increased breeding failure rate led to less income as was already demonstrated for a sample year in Table 1 . Adding weather uncertainty weakened profitability as hay sales declined along with added variation in forage production (Table 6 ). In contrast with fall calving, hay sales were higher given different seasonal nutrition needs as demonstrated in Tables 2 and 3 for 2004 as an example. Added hay revenue was insufficient to offset lower cattle revenue given lesser beef production with greater breeding failure rates for spring calving when compared with fall calving. Hence, least fertilizer was the profit-maximizing, least LUI regret choice regardless of the inclusion of weather effects. Figure 4 . Minimum, median, maximum, and 25 th and 75 th percentiles of cash operating profit a for fall calving herds by land use intensity, herd size management strategy, and cattle cycle or time period with weather effects excluded and included. a Cash operating profits were period-specific and were calculated as the sale of cattle and excess hay less costs for feed and supplements, seed, fuel, fertilizer, twine, chemicals, veterinary services, operating interest, repairs, and medicine in $/year. b Land use intensity is described in Table 1 . c Herd size strategies were as follows: CHS = constant herd size cow herd size, MA = cow herd size strategy using a ratio of two moving averages of feeder steer prices to signal an up-or downtrend in cattle prices, and DCA = dollar cost averaging strategy as described in equations (3)-(6). d See Figure 1 for production index adjustment because of weather conditions. Over the second cycle, the CHS strategy was once again profit maximizing by having least HSM regret values for both low and medium LUI. With high fertilizer use, the MA strategy had $9.81 more NPV than the CHS strategy. Further, in terms of LUI regret, highest profitability was achieved using the medium level of fertilizer use in the second cycle as was the case for fall calving. Hence, higher cattle prices in the second cycle did generate sufficient revenue to offset the marginal cost of added fertilizer, which also traded at higher prices ( Figure 2) . As with fall calving, the range of π was smaller when weather risk was added in the second cycle. The 25 th and 75 th percentile range increased but to a lesser extent when compared with fall calving. However, weather effects led to a greater range of π and in a more positively skewed fashion in comparison with fall calving (Figures 4 and 5) . The second cycle proved more profitable than the first cycle given higher Figure 5 . Minimum, median, maximum, and 25 and 75 percentiles of cash operating profit a for spring calving herds by land use intensity, herd size management strategy, and cattle cycle or time period with weather effects excluded and included. a Cash operating profits were period-specific and were calculated as the sale of cattle and excess hay less costs for feed and supplements, seed, fuel, fertilizer, twine, chemicals, veterinary services, operating interest, repairs, and medicine in $/year. b Land use intensity is described in Table 1 . c Herd size strategies were as follows: CHS = constant herd size cow herd size, MA = cow herd size strategy using a ratio of two moving averages of feeder steer prices to signal an up-or downtrend in cattle prices, and DCA = dollar cost averaging strategy as described in quations (3)-(6). d See Figure 1 for production index adjustment because of weather conditions. cattle and hay prices (Figure 2) , which were sufficient to offset greater fertilizer, seed, and corn prices.
The 25-year analysis for spring calving led to the same profit-maximizing HSM strategy, CHS, again regardless of LUI or weather effects. Medium fertilizer use was profit maximizing with least LUI regret. High LUI was not justifiable and led to highest income risk ( Figure 5 ).
In comparison with fall calving, the optimal HSM strategy was clearly the CHS strategy as that choice did not vary by cycle or with weather effects. Profit-maximizing fertilizer use was a less obvious choice as the first cycle with lower cattle and input prices offered less opportunity to recover added input cost.
Conclusions
This study examined the profitability of three HSM strategies under a variety of production conditions (fall vs. spring calving and LUI driven by fertilizer use) with and without simulated weather effects (Table 4) . Under fall calving, the countercyclical HSM strategy based on anticipated price trend (MA) did show higher NPV of cash operating profit and minimum regret when compared with the DCA and CHS strategies for the majority of LUI × cattle cycle × weather effects combinations summarized in Table 5 . Instituting an MA strategy, however, requires additional time devoted to management in comparison with the CHS strategy, and thus producers should weigh this trade-off when considering the use of an MA strategy. For fall calving, looking at the optimal fertilizer use for each cycle (low or medium for the first cycle pending inclusion of weather effects; medium or high for the second cycle, again pending inclusion of weather effects; and medium for the entire period), regret with the CHS strategy was less than $4,250 for any of the periods whether weather effects were included or not. Satisficing $4,250 at maximum and over 25 years may therefore well favor CHS in comparison with a more management-intensive MA strategy. For spring calving operations, this research showed the CHS HSM strategy to exhibit least regret regardless of LUI, weather effects, or cattle cycle. As with fall calving, the highest level of fertilizer use to increase stocking rate was least profitable and could be discouraged. For both fall and spring calving, regret observations suggested that medium LUI, to ensure greater hay sales in comparison with least fertilizer use, was both profit maximizing in general and led toward the lowest range in cash operating profit. Highest fertilizer use with greatest stocking rate was least profitable and most risky. Over the entire period, results suggested that producers would have maximized profit, without heightened exposure to income risk, if they had (1) chosen fall calving, (2) not increased stocking rate but added fertilizer to increase hay sales, and (3) chosen the MA HSM strategy. Noteworthy was that the CHS strategy was a close second choice. This advice held for that period but may well differ for the future.
In contrast to Lawrence (2002) , a DCA strategy was not found to be superior to a CHS strategy when examined under a fixed land constraint and resulting on-farm forage limitations. Similar to previous findings (Bentley and Shumway, 1981; Hamilton and Kastens, 2000; Trapp, 1986 ), a countercyclical MA strategy was found to be more profitable on average than a CHS strategy under fall calving conditions with greater cattle output (fewer breeding failures than spring calving). Additionally, previous cow-calf herd management research had not examined an MA strategy as a method to increase profitability. This research thus contributes to literature on countercyclical HSM strategies by quantifying estimated impacts of capitalizing on cyclical market behavior using a popular investment technique.
Although this research examined various management decisions related to fertilizer application, stocking rates, and heifer retention, they were analyzed at relatively small scale and holding land resources constant. At larger scale, marginal gains using the MA strategy would be greater. Further, a 10-to 27-month MA price ratio was used to signal price trend changes. Different-length MA prices would lead to different timing of signals, and larger increments or decrements in herd size may have led to different outcomes. Finally, FORCAP modeling of weather risk was performed for northwest Arkansas conditions. These conditions are different for other regions of the country and will vary with time. Finally, results may have differed with year-round calving season management, and weather may also affect cattle performance (weight gain and reproductive performance). This aspect was not modeled.
